HOD FOR DETERMINING THE EFFICIENCY OF NUCLEIC ACID 
AMPLIFICATIONS 



The present application claims priority to co-pending European Patent Application No. 
00107036.6, filed March 31, 2000, co-pending German Patent Application No. 10034209.4, 
filed July 13, 2000, and co-pending German Patent Application No. 10045521.2, filed 
September 13, 2000, each of which is incorporated by reference herein in its entirety. 

Field Of The Invention 

The present invention relates to the field of nucleic acid quantification with the aid of 
quantitative real-time PCR. 

Background Of The Invention 

Methods for the quantification of nucleic acids are important in many areas of molecular 
biology and in particular for molecular diagnostics. At the DNA level such methods are used 
for example to determine the copy numbers of gene sequences amplified in the genome. 
However, methods for the quantification of nucleic acids are used especially in connection with 
the determination of mRNA quantities since this is usually a measure for the expression of the 
respective coding gene. 

If a sufficient amount of sample material is available, special mRNAs can be quantified by 
conventional methods such as Northern Blot analysis or RNAse protection assay methods. 
However, these methods are not sensitive enough for sample material that is only available in 
small amounts or for genes that express very weakly. 

The so-called RT-PCR is a much more sensitive method. In this method a single- stranded 
cDNA is firstly produced from the mRNA to be analysed using a reverse transcriptase. 
Subsequently a double- stranded DNA amplification product is generated with the aid of PCR. 

A distinction is made between two different variants of this method: 

* In the so-called relative quantification the ratio of the expression of a certain target RNA is 
determined relative to the amount of RNA of a so-called housekeeping gene which is 
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assumed to be constitutively expressed in all cells independent of the respective 
physiological status. Hence the mRNA is present in approximately the same amount in all 
cells. 

The advantage of this is that different initial qualities of the various sample materials and 
the process of RNA preparation has no influence on the particular result. However, an 
absolute quantification is not possible with this method. 

Alternatively the absolute amount of RNA used can be determined with the aid of standard 
nucleic acids of a known copy number and amplification of a corresponding dilution series 
of this standard nucleic acid. There are two alternatives: 

When using external standards the standard and target nucleic acid are amplified in separate 
reaction vessels. In this case a standard can be used with an identical sequence to the target 
nucleic acid. However, systematic errors can occur in this type of quantification if the RNA 
preparation to be analysed contains inhibitory components which impair the efficiency of the 
subsequent PCR reaction. Such errors can be excluded by using internal standards i.e. by 
amplifying the standard and target nucleic acid in one reaction vessel. However, a disadvantage 
of this method is that standards have to be used that have different sequences compared to the 
target nucleic acid to be analysed in order to be able to distinguish between the amplification of 
the standard and target nucleic acid. This can in turn lead to a systematic error in the 
quantification since different efficiencies of the PCR amplification cannot be excluded when 
the sequences are different. 

PCR products can be quantified in two fundamentally different ways: 

a) End point determination of the amount of PCR product formed in the plateau phase of the 
amplification reaction 

In this case the amount of PCR product formed does not correlate with the amount of the 
initial copy number since the amplification of nucleic acids at the end of the reaction is no 
longer exponential and instead a saturation is reached. Consequently different initial copy 
numbers exhibit identical amounts of PCR product formed. Therefore the competitive PCR 
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or competitive RT-PCR method is usually used in this procedure. In these methods the 
specific target sequence is coamplified together with a dilution series of an internal standard 
of a known copy number. The initial copy number of the target sequence is extrapolated 
from the mixture containing an identical PCR product quantity of standard and target 
sequence (Zimmermann and Mannhalter, Bio-Techniques 21:280-279, 1996). A 
disadvantage of this method is also that measurement occurs in the saturation region of the 
amplification reaction. 

b) Kinetic real-time quantification in the exponential phase of PCR. 

In this case the formation of PCR products is monitored in each cycle of the PCR. The 
amplification is usually measured in thermocyclers which have additional devices for 
measuring fluorescence signals during the amplification reaction. A typical example of this 
is the Roche Diagnostics LightCycler (Cat. No. 2 0110468). The amplification products are 
for example detected by means of fluorescent labelled hybridization probes which only emit 
fluorescence signals when they are bound to the target nucleic acid or in certain cases also 
by means of fluorescent dyes that bind to double-stranded DNA. A defined signal threshold 
is determined for all reactions to be analysed and the number of cycles Cp required to reach 
this threshold value is determined for the target nucleic acid as well as for the reference 
nucleic acids such as the standard or housekeeping gene. The absolute or relative copy 
numbers of the target molecule can be determined on the basis of the Cp values obtained 
for the target nucleic acid and the reference nucleic acid (Gibson et aL, Genome Research 
6:995-1001; Bieche et aL, Cancer Research 59:2759-2765, 1999; WO 97/46707; WO 
97/46712; WO 97/46714). Such methods are also referred to as a real-time PCR. 

In summary in all the described methods for the quantification of a nucleic acid by PCR the 
copy number formed during the amplification reaction is always related to the copy number 
formed of a reference nucleic acid which is either a standard or an RNA of a housekeeping 
gene. In this connection it is assumed that the PCR efficiency of the target and reference nucleic 
acid are not different. 

Usually a PCR efficiency of 2.00 is assumed which corresponds to a doubling of the copy 
number per PCR cycle (User Bulletin No. 2 ABI Prism 7700, PE Applied Biosystems, 1997). 
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However, it has turned out that the real PCR efficiency can be different from 2.00 since it is 
influenced by various factors such as the binding of primers, length of the PCR product, G/C 
content and secondary structures of the nucleic acid to be amplified and inhibitors that may be 
present in the reaction mixture as a result of the sample preparation. This is particularly 
relevant when using heterologous reference nucleic acids e.g. in the relative quantification 
compared to the expression of housekeeping genes. Moreover it is also not known whether or 
to what extent the initial concentration of the target nucleic acid to be detected significantly 
influences the efficiency of an amplification reaction. 



Summary Of The Invention 

The object of the present invention was therefore to provide a method to determine the 
efficiency of nucleic acid amplifications as exactly as possible and its use in methods for the 
exactest possible quantification of nucleic acids. 

This object is achieved according to the invention by a method for determining the efficiency of 
the amplification of a target nucleic acid wherein 

a) a dilution series of the target nucleic acid is prepared 

b) the target nucleic acid is amplified under defined reaction conditions and the 
amplification is measured in real-time 

c) a defined signal threshold value is set 

d) for each dilution the cycle number is determined at which the signal threshold value is 
exceeded, 

e) the amplification efficiency is determined as a function of the original amount of target 
nucleic acid. 

Thus the amplification efficiency can be determined by generating a non-linear continuously 
differentiable function of a logarithm of the copy number of target nucleic acid used for the 
amplification as a function of the cycle number at which the signal threshold value is exceeded 
and from this function the amplification efficiency E is calculated as a function of the amount 
of target nucleic acid. In this embodiment the amplification efficiency E of a certain amount of 
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target nucleic acid is preferably determined as the negative local first derivative of the 
continuously differentiable function from step e). 

Alternatively the amplification efficiency can also be determined by determining a non-linear 
continuously differentiable function of the determined cycle numbers as a function of the 
logarithm of the copy numbers of target nucleic acid used for the amplification and calculating 
the amplification efficiency E from the determined function. In this case the amplification 
efficiency E of a certain amount of target nucleic acid is preferably determined as the reciprocal 
negative local first derivative of the continuously differentiable function from step e). 

Methods have proven to be particularly advantageous in which the amplification efficiency is 
determined as a function of the logarithm of the concentration of the target nucleic acid or vice 
versa with the aid of a polynomial fit to determine the non-linear continuously differentiable 
function. This can be a polynomial fit of the 3 rd , 4 th , 5 th , 6 th , or 7 th degree or preferably a fit of 
the 4 th degree. 

Hence methods according to the invention for the quantification of a target nucleic acid in a 
sample comprise the following steps: 

a) Determination according to the invention of the amplification efficiency of the target 
nucleic acid under defined conditions. 

b) Amplification of the target nucleic acid contained in the sample under the same reaction 
conditions. 

c) Measurement of the amplification in real-time. 

d) Quantification of the original amount of target nucleic acid in the sample by correction of 
the original amount derived from step c) with the aid of the determined amplification 
efficiency. 

These methods can be used for relative quantification in comparison to the expression of 
housekeeping genes as well as for absolute quantification. 

According to the invention methods for the absolute quantification of the target nucleic acid in 
a sample comprise the following steps: 
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a) Determination according to the invention of the amplification efficiencies of the target 
nucleic acid and of an internal or external standard under defined amplification conditions. 

b) Amplification of the target nucleic acid contained in the sample and of the internal or 
external standard under the same defined reaction conditions. 

c) Measurement of the amplification of the target nucleic acid and standard in real-time. 

d) Calculation of the original copy number in the sample by correction of the copy number 
derived in step c) with the aid of the amplification efficiencies determined in step a). 

In contrast methods for the quantification of a target nucleic acid in a sample relative to a 
reference nucleic acid comprise the following steps. 

a) Determination according to the invention of the amplification efficiencies of the target 
nucleic acid and of the reference nucleic acid under defined amplification conditions. 

b) Amplification of the target nucleic acid contained in the sample as well as of the reference 
nucleic acid contained in the sample under the same defined amplification conditions. 

c) Measurement of the amplification of the target nucleic acid and of the reference nucleic 
acid in real-time. 

d) Calculation of the original ratio of target nucleic acid and reference nucleic acid in the 
sample by correction of the ratio derived from step c) with the aid of the amplification 
efficiencies determined in step a). 

The invention additionally concerns all methods in which the determination of the 
amplification efficiencies is only indirectly used for the quantification result and in particular 
one which is dependent on the initial concentration. In this sense the invention concerns in 
particular a method for the relative quantification of a target nucleic acid relative to a reference 
nucleic acid and standardized with reference to a calibrator sample comprising the following 
steps: 

a) Preparation of one common or two separate dilution series of target nucleic acid and 
reference nucleic acid. 

b) Amplification of the various dilutions of target nucleic acid and reference nucleic acid 
under defined reaction conditions, the amplification of the nucleic acid being measured in 
real-time. 

c) Setting defined signal threshold values for the target nucleic acid and reference nucleic acid. 
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d) Determining the cycle numbers Cp at which the defined signal threshold values for the 
target nucleic acid and reference nucleic acid are exceeded in each dilution. 

e) Determination of a continuously differentiable function of the logarithm of the amount of 
target nucleic acid used as a function of the Cp values determined in d) and determination 
of a continuously differentiable function of the logarithm of the amounts of reference 
nucleic acid used as a function of the determined Cp values. 

f) Determination of the Cp values of the target nucleic acid and reference nucleic acid in the 
sample to be analysed as well as in a calibrator sample. 

g) Assignment of the Cp values measured in step f) to particular function values of the 
functions determined in step e). 

h) Determining the quotients of the function values from g) of the target nucleic acid and 
reference nucleic acid for the sample to be analysed as well as for the calibrator sample. 

i) Determination of the ratio of the quotients from h) as a measure for the original amount of 
target DNA contained in the sample. 



Brief Description Of The Drawings: 
Figure 1: 

Schematic representation of a function for determining the logarithm of a relative 
concentration versus the determined cycle number. 

Figure 2a: 

Determination of the amplification efficiency of CycA by determining a regression line. 
Figure 2b: 

Determination of the amplification efficiency of PBGD by determining a regression line. 
Figure 3a: 

Efficiency correction for the amplification of CycA with the aid of a polynomial fit of the 4 1 
degree. 
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Figure 3b: 

Efficiency correction for the amplification of PBGD with the aid of a polynomial fit of the 4 th 
degree. 

Detailed Description Of The Invention 

A) Requirement for a target-dependent efficiency correction 

The importance of an efficiency correction for quantitative nucleic acid amplification methods 
will be illustrated by an error calculation. Table 1 shows a theoretical calculation of the average 
percentage error of the determined copy number in the case of amplification efficiencies that 
are different from 2.00 in relation to the respective cycle number. The error is calculated 
according to the formula 

percentage error = (2 n /E n -l)xl00 

in which E is the efficiency of the amplification and n is the respective cycle number at which 
the percentage error is determined. 



Table 1: 



Detection Cycle (n) 
PCR efficiency (E) 


10 


15 


20 


25 


30 


35 


2.00 














1.97 


16% 


25% 


35% 


46% 


57% 


70% 


1.95 


29% 


46% 


66% 


88% 


113% 


142% 


1.90 


67% 


116% 


179% 


260% 


365% 


500% 


1.80 


187% 


385% 


722% 


1290% 


2260% 


3900% 


1.70 


408% 


1045% 


2480% 


5710% 


13.000% 


29.500% 


1.60 


920% 


2740% 


8570% 


26.400% 


80.700% 


246.400% 



The amplification efficiency of a PCR reaction can be determined by various methods. 



For example in the case of a real-time monitoring of PCR reactions this can be achieved by 
determining the amount of amplified target nucleic acid in each amplification cycle and 
determining the efficiency of the amplification reaction from the resulting values. 
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Alternatively the efficiency of the amplification reaction of a particular target can be 
determined in a real-time PCR mode under defined conditions by firstly amplifying various 
dilutions of the target nucleic acid and determining the cycle number for each dilution at which 
a previously defined signal threshold value is exceeded. 

The efficiency is then determined from the slope of the function of the logarithm of the copy 
number used versus the cycle number determined for the respective copy number. An 
advantage of this method is that a systematic error cannot occur that results from determining 
the amplification efficiency in a phase of the PCR reaction in which there is no longer an 
exponential amplification of the target nucleic acid (plateau phase). 

However, it unexpectedly turned out that under certain circumstances the amplification 
efficiency can also be dependent on the original amount of target nucleic acid. An obvious 
change in the amplification efficiency is found especially at low concentrations in the 
corresponding experimental preparations. Consequently the methods described above for 
determining the efficiency do not result in linear functions so that in these cases the described 
determination of the slope of the regression line would for example result in values for the 
determined amplification efficiencies that are too low especially at low concentrations of target 
nucleic acid. 

Due to the dependence of the amplification efficiency on the concentration of the target nucleic 
acid, it is not possible to rule out a change in the amplification efficiency even already during 
the first cycles of an amplification reaction although it is still in an exponential phase. Since, 
however, this phenomenon cannot be directly experimentally analysed due to a lack of 
detection sensitivity, a concentration-dependent amplification efficiency is understood in the 
following as the amplification efficiency determined by means of the elapsed cycles at the 
respective detection time point. 

B ) Absolute and relative quantification 

The present invention therefore concerns methods for the efficiency- corrected quantification 
of nucleic acids in which the efficiency of the amplification is determined by 
a) preparing a dilution series of the target nucleic acid 
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b) amplifying the target nucleic acid under defined reaction conditions as claimed in claim 
1 and measuring the amplification of the nucleic acid in real-time 

c) setting a defined signal threshold value 

d) for each dilution determining the cycle number Cp at which the signal threshold value is 
exceeded and 

e) determining the amplification efficiency as a function of the amount of target nucleic 
acid. 

In particular the amplification efficiency can be determined as a function of the original 
amount of target nucleic acid by 

a non-linear continuously differentiable function of a logarithm of the copy number of 
target nucleic acid used for the amplification as a function of the copy number at which 
the signal threshold value is exceeded or alternatively a non-linear continuously 
differentiable function of the determined cycle number as a function of the logarithm of 
the copy number of target nucleic acid used in each case and 

calculating the amplification efficiency E from the determined function. The respective 
amplification efficiency is determined according to the invention as a function of the 
amount of target nucleic acid that is used in each case. 

The continuous function is determined by suitable mathematical methods and algorithms. For 
example the function can be described by a polynomial fit of higher degree. A polynomial fit of 
the 3 rd ' 4 th , 5 th , 6 th or 7 th degree has proven to be suitable for calculating a function, a 
polynomial fit of the 4 th order being preferred. 

The efficiency which depends on the target amounts can be determined by derivation of a 
continuously differentiable function F(Cp) of the Cp values as a function of a logarithm of the 
original copy number or vice versa. 

The amplification efficiency can then be determined according to the equation 



E = G -f(c P ) 
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in which f (Cp) is the derivative of the continuous function and G is the base number of the 
logarithm. Hence in this embodiment the amplification efficiency E of a certain original 
amount of target nucleic acid is determined as the negative local first derivative of the 
previously determined continuously differentiable function. 

Alternatively the amplification efficiency E can be determined according to the equation 

E = G" ! 

fdog(conc)) 

in which cone is the original amount of the nucleic acid, f (log(conc)) is the derivative of the 
continuous function and G is the base number of the logarithm. Hence in this embodiment the 
amplification efficiency E of a certain original amount of target nucleic acid is determined as 
the reciprocal negative local first derivative of the previously determined continuously 
differentiable function. 

The efficiency- corrected quantification of nucleic acids as a function of the amount of target 
nucleic acid can in principle be used for methods for absolute quantification as well as for 
methods for relative quantification. Moreover such an efficiency correction is also particularly 
advantageous in methods in which a relative quantification is standardized on the basis of a so- 
called calibrator sample (ABI Prism 7700 Application Manual, Perkin Elmer) in order to 
eliminate the influence of different detection sensitivities for the target and reference nucleic 
acid. 

If it is intended to determine the absolute amount of target nucleic acid to be detected in the 
sample, the method for quantifying a target nucleic acid in a sample according to the invention 
comprises the following steps: 

a) Determination of the amplification efficiencies of the target nucleic acid and of an 
internal or external standard as a function of their respective initial concentrations 
under defined amplification conditions. 

b) Amplification of the target nucleic acid contained in the sample and of the internal or 
external standard under the same defined reaction conditions. 
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c) Measurement of the amplification of the target nucleic acid and standard in real-time. 

d) Calculation of the original copy number in the sample by correction of the copy 
number derived in step c) with the aid of the amplification efficiencies determined in 
step a). 

The sequences of the target nucleic acid and standard nucleic acid are advantageously 
substantially identical. However, when selecting the sequence for an internal standard it must 
be taken into account that the available detection system is able to distinguish between the 
standard and target nucleic acid. This can for example be achieved by using hybridization 
probes with different labels for the detection of the target nucleic acid and internal standard. 
Ideally oligonucleotides are used for this as detection probes which can be used to distinguish 
between minimal sequence differences such as point mutations. 

An advantage of using an internal standard is that the inhibitors present in the sample also 
influence the amplification of the standard. Hence differences in the amplification efficiencies 
can be minimized. 

In contrast the use of an external standard has the advantage that the amplification reactions of 
the target nucleic acid and standard cannot competitively interfere with one another with 
regard to their efficiency. Moreover the amplification products of the standard and target 
nucleic acid can be detected in parallel reaction mixes with the aid of the same detection system 
for example with the same hybridization probe. A disadvantage is possible differences in the 
PCR efficiencies due to inhibitors in the sample. However, errors in the quantification caused 
by this can be eliminated by an efficiency correction according to the invention. 

A subject matter of the present invention in relation to relative quantification is also a method 
for the quantification of a target nucleic acid in a sample relative to a reference nucleic acid 
comprising the following steps: 

a) Determination of the amplification efficiencies of the target nucleic acid and of the 
reference nucleic acid as a function of their respective 

initial concentrations under defined amplification conditions. 

b) Amplification of the target nucleic acid contained in the sample as well as of the 
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reference nucleic acid contained in the sample under the same defined 
amplification conditions. 

c) Measurement of the amplification of the target nucleic acid and of the reference 
nucleic acid in real-time. 

d) Calculation of the original ratio of target nucleic acid and reference nucleic acid in 
the sample by correction of the ratio derived from step c) with the aid of the 
amplification efficiencies determined in step a). 

Such a method according to the invention eliminates on the one hand the influence of 
inhibitors that maybe present in the examined sample and, on the other hand, corrects errors 
which may occur as a result of different amplification efficiencies of the target nucleic acid and 
reference nucleic acid. 

An essential requirement for this method according to the invention for relative quantification 
is that the amplification efficiency of the target nucleic acid as well as the amplification 
efficiency of the reference nucleic acid is determined as a function of the amount of target and 
reference nucleic acid that was originally present. Both of these determinations are preferably 
carried out by the method described above by determining the cycle number at which a certain 
signal threshold value is exceeded. 

In a preferred embodiment of relative quantification the sample is divided into two aliquots 
and the real-time measurement of the amplification of the target nucleic acid and reference 
nucleic acid is carried out in separate reaction vessels. This prevents interference between the 
amplification reactions of the target nucleic acid and the reference nucleic acid with regard to 
their efficiency for example by competition for deoxynucleotides or Taq polymerase. 
Furthermore the target nucleic acid and reference nucleic acid can be detected with the same 
detection systems for example with the same DNA binding dye. 

Alternatively the real-time measurement of the amplification of target nucleic acid and 
reference nucleic acid can be carried out from one sample in the same reaction vessel using 
differently labelled hybridization probes. This is particularly advantageous when only small 
amounts of sample material are available because the number of PCR reactions required is 
halved in this manner. 
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Steps b) to d) are advantageously carried out in a parallel mixture containing a so-called 
calibrator sample. The calibrator sample is a sample which contains the target nucleic acid and 
reference nucleic acid in a defined ratio that is constant for each measurement. Subsequently 
the ratio of the quotients determined for the sample and for the calibrator sample is determined 
as a measure for the original amount of target nucleic acid in the sample. This has the 
advantage that in addition other systematic errors are eliminated that are due to differences in 
the detection sensitivity of the target nucleic acid and reference nucleic acid. Such systematic 
errors can for example occur as a result of different hybridization properties of the 
hybridization probes or , in the case of fluorescent-labelled probes, different excitation 
efficiencies, quantum yields or coupling efficiencies of the dye to the probe. Therefore the 
sample to be tested and the calibrator sample must be analysed in each experiment with the 
same detection agents i.e. with the same batch of fluorescent-labelled hybridization probes. 

The invention in particular also concerns those embodiments of the described methods for the 
efficiency-corrected quantification of nucleic acids in which the amplification products are 
detected by hybridization probes which can be labelled with a detectable component in many 
different ways. 

A prerequisite for the efficiency- corrected determination of the original amount of a target 
nucleic acid and for the determination of the amplification efficiencies per se is to set signal 
threshold values and subsequently determine the cycle number for the respective amplification 
reaction at which a certain signal threshold value is reached. The signal threshold value can be 
determined according to the prior art in various ways: 

According to the prior art the signal threshold value can for example be a signal which 
corresponds to a certain multiple of the statistical variance of the background signal (ABI Prism 
7700 Application Manual, Perkin Elmer). 

Alternatively the cycle number at which the signal threshold value is exceeded can be 
determined according to the so-called "fit point above threshold" method (LightCycler 
Operator's Manual, B59-B68, Roche Molecular Biochemicals, 1999). 
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In a further embodiment the threshold value can be determined as a relative value instead of an 
absolute value when, independently of the absolute value of the signal, the course of the 
amplification reaction is determined as a function of the cycle number and subsequently the n th 
derivative is calculated. In this case exceeding certain extremes can be defined as exceeding a 
certain signal threshold value (EP Application No. 00106523.4). Hence this method of 
determining the threshold value is independent of the absolute signal strength of for example a 
fluorescence signal. Thus it is particularly suitable for those embodiments in which the target 
nucleic acid and reference nucleic acid are amplified in the same reaction vessel and are 
detected with the aid of different fluorescent labels. Methods have proven to be particularly 
suitable for the efficiency- corrected quantification of PCR products in which the maximum of 
the second derivative is determined as a measure for the signal threshold value. 

The hybridization probes used for the method according to the invention are usually single- 
stranded nucleic acids such as single-stranded DNA or RNA or derivatives thereof or 
alternatively PNAs which hybridize at the annealing temperature of the amplification reaction 
to the target nucleic acid. These oligonucleotides usually have a length of 20 to 100 nucleotides. 

The labelling can be introduced on any ribose or phosphate group of the oligonucleotide 
depending on the particular detection format. Labels at the 5 5 and 3 J end of the nucleic acid 
molecule are preferred. 

The type of label must be detected in the real-time mode of the amplification reaction. This is 
for example in principle also (but not only) possible with the aid of labels that can be detected 
byNMR. 

Methods are particularly preferred in which the amplified nucleic acids are detected with the 
aid of at least one fluoresent-labelled hybridization probe. 

Many test procedures are possible. The following three detection formats have proven to be 
particularly suitable in connection with the present invention: 

(i) FRET hybridization probes 

For this test format 2 single- stranded hybridization probes are used simultaneously which are 
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complementary to adjacent sites of the same strand of the amplified target nucleic acid. Both 
probes are labelled with different fluorescent components. When excited with light of a suitable 
wavelength, a first component transfers the absorbed energy to the second component 
according to the principle of fluorescence resonance energy transfer such that a fluorescence 
emission of the second component can be measured when both hybridization probes bind to 
adjacent positions of the target molecule to be detected. 

Alternatively it is possible to use a fluorescent-labelled primer and only one labelled 
oligonucleotide probe (Bernard et al., Analytical Biochemistry 235, p. 1001-107 (1998)). 

(ii) TaqMan hybridization probes 

A single-stranded hybridization probe is labelled with two components. When the first 
component is excited with light of a suitable wavelength, the absorbed energy is transferred to 
the second component, the so-called quencher, according to the principle of fluorescence 
resonance energy transfer. During the annealing step of the PCR reaction, the hybridization 
probe binds to the target DNA and is degraded by the 5 ? -3 5 exonuclease activity of the Taq 
polymerase during the subsequent elongation phase. As a result the excited fluorescent 
component and the quencher are spatially separated from one another and thus a fluorescence 
emission of the first component can be measured. 

(iii) Molecular Beacons 

These hybridization probes are also labelled with a first component and with a quencher, the 
labels preferably being located at both ends of the probe. As a result of the secondary structure 
of the probe, both components are in spatial vicinity in solution. After hybridization to the 
target nucleic acids both components are separated from one another such that after excitation 
with light of a suitable wavelength the fluorescence emission of the first component can be 
measured (Lizardi et al., US 5,1 18,801). 

In the described embodiments in which only the target nucleic acid or only the reference 
nucleic acid or an external standard is amplified in one reaction vessel in each case, the 
respective amplification product can also be detected according to the invention by a DNA 
binding dye which emits a corresponding fluorescence signal upon interaction with the double- 
stranded nucleic acid after excitation with light of a suitable wavelength. The dyes SybrGreen 
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and SybrGold (Molecular Probes) have proven to be particularly suitable for this application. 
Intercalating dyes can alternatively be used. 

C) Efficiency correction by the direct determination of the amplification efficiencies 
Absolute quantification 

In a preferred embodiment for the absolute quantification of a target nucleic acid in a sample 
the method according to the invention comprises the following steps: 

a) Determination of the amplification efficiencies of the target nucleic acid and of an 
internal or external standard as a function of the respective initial amounts under 
defined amplification conditions 

b) Amplification of the target nucleic acid contained in the sample and of the internal 
or external standard under the same defined reaction conditions. 

c) Measurement of the amplification of the target nucleic acid and standard in real- 
time. 

d) Determination of a defined signal threshold value. 

e) Determination of the cycle numbers at which the signal threshold value is in each 
case exceeded during the amplification of the target nucleic acid and the standard. 

f) Determination of the original copy number N(T) 0 of the target nucleic acid in the 
sample according to the formula 

E(S) ns 

N(T)o = N(S) 0 * 



E(T) nt 

N(S)o = the original amount of standard used 

E(S) = the amplification efficiency of the standard for a particular cycle n at the 

respective time point of the detection averaged over the elapsed cycles 
E(T) = the amplification efficiency of the target for a particular cycle n at the 

respective time point of the detection averaged over the elapsed cycles 
ns = the cycle number at which the signal threshold value is exceeded by the 

amplification of the standard nucleic acid and 
nt = the cycle number at which the signal threshold value is exceeded by the 

amplification of the target nucleic acid 
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Under these circumstances the calculation of N(T)o results in : 



N(T) n = N(T) 0 * E nt and 
N(S) n = N(S) 0 *E ns 

Since an identical signal threshold value has been set for the target and standard nucleic acid 
this approximates to: 

N(T) n = N(S) n , 

Hence the original copy number of target nucleic acid present in the sample is calculated 
according to the equation 

E(S) ns 

N(T)o = N(S) 0 * 



E(T) nt 

In an alternative embodiment for the absolute quantification of a target nucleic acid in a 
sample the method according to the invention comprises the following steps: 

a) Determination of the amplification efficiencies of the target nucleic acid and of an 
internal or external standard as a function of the respective initial amounts under 
defined amplification conditions 

b) Amplification of the target nucleic acid contained in the sample and of the internal 
or external standard under the same defined reaction conditions, 

c) Measurement of the amplification of the target nucleic acid and standard in real- 
time. 

d) Determination of a defined signal threshold value. 

e) Determination of the cycle numbers at which the signal threshold value is in each 
case exceeded during the amplification of the target nucleic acid and the standard. 

f) Determination of the original copy number N(T) 0 of the target nucleic acid in the 
sample according to the formula 

nE(S x ) 
N(T) 0 = N(S)o*-^ 



n e(t x ) 

N(S)o = the original amount of stan 1-n 

E(S n ) = the amplification efficiency of the standard for an individual cycle x 
E(T n ) = the amplification efficiency of the target for an individual cycle x 
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n E(S X ) = the product of the efficiencies determined for all cycles of the amplification 

1-n 

of the standard until the signal threshold value is reached at cycle n 
n E(T X ) = the product of the efficiencies determined for all cycles of the amplification 
l n of the target nucleic acid until the signal threshold value is reached at cycle n 

In this case the amplification efficiencies of the target nucleic acid and of the internal standard 
are preferably determined as described above by determining a cycle number at which a certain 
signal threshold value is exceeded. 

N(T)o is calculated according to the invention as follows: 

N(T) n = N(T) 0 *E(Ti)* .... * E(T„)= N(T 0 ) * n E(T X ) 

1-n 

and 

N(S) n = N(S) 0 *E(Si) * .... * E(S n ) = N(S 0 ) *n E(S X ) 

1-n 

Since an identical signal threshold value has been set for the target and standard nucleic acid 
this approximates to: 

N(T)„ = N(S) n , 

Hence the original copy number of target nucleic acid present in the sample is calculated 
according to the equation 

nE(sj 

1-n 

N(T) 0 = N(S)o* 

n e(tj 

1-n 

A disadvantage of this method is that the efficiencies of the first cycles of each amplification 
reaction cannot be determined since the amount of amplified nucleic acid is still below the 
detection limit of any detection system available in the prior art. 

However, the efficiency of an earlier cycle can be approximated as the geometric mean n of all 
the efficiencies determined for the following cycles. Alternatively the non-determinable 
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efficiency of an early cycle can be equated with the efficiency determined for the first cycle in 
which an amplification product was detectable. 

Relative quantification 

A special embodiment of the relative quantification according to the invention is a method for 
the quantification of a target nucleic acid in a sample relative to a reference nucleic acid 
comprising the following steps: 

a) Determination of the amplification efficiencies of the target nucleic acid and of the 
reference nucleic acid as a function of the respective initial amounts under defined 
amplification conditions 

b) Amplification of the target nucleic acid contained in the sample and of the reference 
nucleic acid contained in the sample under the same defined amplification 
conditions. 

c) Measurement of the amplification of the target nucleic acid and the reference 
nucleic acid in real-time. 

d) Determination of a defined signal threshold value. 

e) Determination of the cycle numbers at which the signal threshold value is in each 
case exceeded during the amplification of the target nucleic acid and the reference 
nucleic acid. 

f) Calculation of the original ratio of target nucleic acid and reference nucleic acid in 
the sample according to the formula 

E(R) nr 

N(T)o/N(R) 0 = 

E(T) nt 

N(T)o = the original amount of target nucleic acid 
N(R)o = the original amount of reference nucleic acid 

E(R) = the amplification efficiency of the reference nucleic acid averaged over the elapsed 

cycles at the respective detection time at a certain cycle n 
E(T) = the amplification efficiency of the target nucleic acid averaged over the elapsed 

cycles at the respective detection time at a certain cycle n 
nr = the cycle number at which the signal threshold value is exceeded by the 

amplification of the reference nucleic acid 
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nt = the cycle number at which the signal threshold value is exceeded by the amplification 
of the target nucleic acid 

Under these circumstances the calculation of N(T) 0 results in : 

N(T) n = N(T) 0 *E(T) nt and 
N(R ) n = N(R )o*E(R) nr 

Since an identical signal threshold value has been set for the target and standard nucleic acid 
this approximates to: 

N(T)„ = N(R)„, 

Hence the original copy number of target nucleic acid present in the sample is calculated 
according to the equation 



E(R) ] 

N(T)o/N(R) 0 = 

E(T) ] 



In an alternative embodiment for the relative quantification of a target nucleic acid in a sample 
the method according to the invention comprises the following steps: 

a) Determination of the amplification efficiencies of the target nucleic acid and of the 
reference nucleic acid as a function of the initial amounts under defined 
amplification conditions 

b) Amplification of the target nucleic acid contained in the sample and of the reference 
nucleic acid contained in the sample under the same defined amplification 
conditions. 

c) Measurement of the amplification of the target nucleic acid and of the reference 
nucleic acid in real-time. 

d) Determination of a defined signal threshold value. 
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e) Determination of the cycle numbers at which the signal threshold value is in each 
case exceeded during the amplification of the target nucleic acid and the reference 
nucleic acid. 

f) Determination of the original ratio of the target nucleic acid and reference nucleic 
acid in the sample according to the formula 

n e(r x ) 

N(T)o/N(R)o-^— 

n e(t x ) 

1-n 

the original amount of target nucleic acid present in the sample 
the original amount of reference nucleic acid present in the sample 
the amplification efficiency of the reference nucleic acid in an individual 
cycle x 

the amplification efficiency of the target nucleic acid in an individual cycle x 
the product of the efficiencies determined for all cycles of the amplification 
of the target nucleic acid until the signal threshold value is reached at cycle 
n 

the product of the efficiencies determined for all cycles of the amplification 
of the reference nucleic acid until the signal threshold value is reached at 
cycle n 

LJ 

The ratio in step (f) is determined according to the invention as follows: 
N(T) n = N(T) 0 * E(T0 * .... E(T n ) = N(T) 0 II E(T X ) 

1-n 

N(R) n = N(R) 0 * E(R0 * .... E(R n ) = N(R)„ * n E(R X ) 

1-n 



N(T) 0 = 
N(R) 0 = 

„ E(Rn) = 

S E(T n ) = 

y li e(t) = 

M 1-n 

b n e(r) = 

SJ 1-n 



(1) 

(2) 



wherein N(T)„ = the amount of target-DNA at the signal threshold value 
and N(R) n = the amount of reference-DNA at the signal threshold value 
from (1) and (2) it follows that: 
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Nm N(T) 0 *IIE(T X ) 

^ih. = l=n (3) 

N(R) n N(R ) 0 * n E(R X ) 
1-n 



It follows that: 
n(t)q N(T) n * n E(R X ) 



^ (4) 



N(R) 0 N(R) n *nE(T x ) 



Since an identical signal threshold value is set for the target nucleic acid and reference nucleic 
acid it can be assumed that approximately 

N(T) n = N(R) n 

Under this condition and starting from equation (4) for the original ratio of target nucleic acid 
and reference nucleic acid, this results in the equation 



NOV N(R ) 0 = n E(R X )/ n E(T X ) (5) 

1-n 1-n 



Similarly to the absolute quantification, the efficiency of an early cycle that cannot be 
determined can be assumed to be the geometric average It of all the efficiencies determined for 
the following cycles. Alternatively the efficiency of an early cycle can be equated with the 
efficiency that was determined for the first cycle in which an amplification product was 
detectable. 



Relative quantification and standardization by reference to a calibrator 

The approximation N(T) n = N(R) n however only applies when the target nucleic acid and 

reference nucleic acid are detected with different sensitivities. 
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Due to the detection of the amplification products in this embodiment it is then advantageous 
to additionally carry out steps b), c), e) and f) of the method described above with a calibrator 
sample in order to eliminate systematic errors and subsequently to determine the ratio of the 
quotient determined for the sample and for the calibrator sample as a measure for the original 
amount of target nucleic acid in the sample. 



Therefore according to the invention a calibrator sample is measured in a parallel reaction 
mixture and the ratio of the quotients N(T) 0 /N(R) 0 is determined for the sample and for the 
calibrator sample as a measure for the original amount of target nucleic acid in the sample. 



This results in the following from equation (4) using the indices 

a for the sample to be analysed and 

K for the calibrator sample N(R) ^ * n £a(Rx) 

1-n 



N(T) 0A / N(T) 0K = N(T)„A*nE A (T x ) (6) 

1-n 



N(R) 0A / N(R) 



OK 



N(R) nK * n Ek(R x ) 
1-n 

N(T) n K * n Ek(T x ) 
1-n 



Due to the fact that an identical signal threshold value has been defined the sample to be 
analysed and for the calibrator sample and that identical agents are used to detect target and 
reference amplicons in the sample and in the calibrator sample, the ratio of the quotients 
determined for the sample and for the calibrator sample are as follows: 



N(R) n A / N(R) n K =J 



N(T) n A / N(T) n K 

Hence the ratio of the quotients of the sample to be analysed and the calibrator sample is: 
N(T) 0A /n(T) 0K n E a (R x ) * n E k (T x ) (7) 

/ v /UJX 1_n 1-n 



N(R)oa / N(R) 0K 



n Ea(t x ) * n Ek(r x ) 

1-n 1-n 
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Consequently a relative value can be obtained for the original copy number of target nucleic 
acid in the sample in which systematic errors due to different amplification efficiencies as well 
as due to different detection sensitivities have been eliminated. The only requirement for the 
accuracy of the determined value is the justified assumption that under absolutely identical 
buffer conditions the amplification and detection efficiencies are also identical in the various 
reaction vessels. 

D ) Implicit efficiency correction when using a calibrator sample 

Furthermore the concentration-dependent efficiency correction according to the invention is 
also suitable for quantification methods in which the amplification efficiency is not determined 
directly but rather is incorporated indirectly in the quantification result. 

This may for example be the case in methods for relative quantification in which the result is 
standardized on the basis of a calibrator sample in order to eliminate the influence of different 
detection sensitivities for the target and reference nucleic acid. 

Hence the present invention also encompasses methods for the relative quantification of a 
target nucleic acid relative to a reference nucleic acid and standardized on the basis of a 
calibrator sample comprising the following steps: 

a) Preparing a common or two separate dilution series of target nucleic acid and 
reference nucleic acid. 

b) Amplifying the various dilutions of target nucleic acid and reference nucleic acid 
under defined reaction conditions, the amplification of the nucleic acid being 
measured in real-time. 

c) Setting defined signal threshold values for the target nucleic acid and reference 
nucleic acid. 

d) Determining the cycle numbers Cp at which the signal threshold values defined for 
the target nucleic acid and reference nucleic acid are exceeded in each dilution. 

e) Determining a continuously differentiable function of the Cp values determined in 
d) as a function of a logarithm of the amounts used of target nucleic acid and 
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determining a continuously differentiable function of the Cp values determined as a 
function of a logarithm of the amounts used of reference nucleic acid. 

f) Determination of the Cp values for the target nucleic acid and the reference nucleic 
acid in the sample to be analysed as well as in a calibrator sample. 

g) Assigning the Cp values measured in step f) to certain function values of the 
functions determined in step e). 

h) Calculating the quotients of the function values from g) of the target nucleic acid 
and reference nucleic acid for the sample to be analysed as well as for the calibrator 
sample. 

i) Determining the ratio of the quotients from h) as a measure for the amount of 
target DNA that was originally present in the sample. 

Alternatively such a method according to the invention can be used for the relative 
quantification of the target nucleic acid relative to a reference nucleic acid and standardized on 
the basis of a calibrator sample which comprises the following steps: 

a) Preparing a common or two separate dilution series of target nucleic acid and 
reference nucleic acid. 

b) Amplifying the various dilutions of target nucleic acid and reference nucleic acid 
under defined reaction conditions, the amplification of the nucleic acid being 
measured in real-time. 

c) Setting defined signal threshold values for the target nucleic acid and reference 
nucleic acid. 

d) Determining the cycle numbers Cp at which the signal threshold values defined for 
the target nucleic acid and reference nucleic acid are exceeded in each dilution. 

e) Determining a continuously differentiable function of a logarithm of the amounts 
used of reference nucleic acid as a function of the Cp values determined in d) and 
determining a continuously differentiable function of a logarithm of the amounts 
used of reference nucleic acid as a function of the determined Cp. 

f) Determination of the Cp values for the target nucleic acid and the reference nucleic 
acid in the sample to be analysed as well as in a calibrator sample. 

g) Assigning the Cp values measured in step f) to certain function values of the 
functions determined in step e). 
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h) Calculating the quotients of the function values from g) of the target nucleic acid 
and reference nucleic acid for the sample to be analysed as well as for the calibrator 
sample. 

i) Determining the ratio of the quotients from h) as a measure for the amount of 
target DNA that was originally present in the sample. 

According to the invention the continuously differentiable functions from step e) which can be 
linear or non-linear are determined with the aid of a polynomial fit preferably of the 3 rd , 4 th , 5 th , 
6 th or 7 th degree. 

The extent to which the said continuously differentiable functions are linear or non-linear 
depends on the initial concentrations of the target and reference nucleic acid in the dilution 
series. With a low initial concentration it can be probably assumed that there will not be a 
linear relationship between the logarithm of the respective concentration and the Cp values 
measured for the respective concentration. Apart from this the shape of the said functions 
depends on the respective experimental conditions and on the respective target sequence and 
hence these functions have to be determined empirically and cannot be derived on the basis of 
theoretical considerations. 

The described methods for standardization with the aid of a calibrator sample can also be used 
in particular when the amplification efficiencies change in relation to the initial amounts of 
target nucleic acid or reference nucleic acid that are to be analysed. As a result the dependence 
of the amplification efficiencies on the respective original copy numbers of target nucleic acid 
and reference nucleic acid are indirectly taken into consideration. The quantification methods 
according to the invention therefore enable even small initial concentrations of target nucleic 
acid to be determined with high accuracy. 

The validity of such a quantification results from the following considerations: 

Functions are generated in steps a) to e) of the described method on the basis of the cycle 
numbers (Cp values) measured for the dilution series which are referred to as calibration 
curves in the following. The calibration curves are calculated from the individual measured 
values by means of mathematical methods for example with the aid of a polynomial fit. If the 
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efficiency remains constant for the different initial concentrations of target nucleic acid, the 
calibration curve is a linear function. 

An example of such calibration curves is shown schematically in Figure L The cycle number at 
which the defined signal threshold value is exceeded is plotted on the abscissa of the graph. The 
logarithm of a certain relative concentration is plotted on the ordinate of the graph (the base 
number of the logarithm can be selected at random provided it does not change within the 
experimental reaction). In this connection the relative concentration is understood as a 
dimension without a unit which is dependent on the respective detection efficiency but 
proportional to the amount of target and reference nucleic acid that was actually used. 

(In the example of Fig. 1 the amplification efficiency of the reference nucleic acid remains 
constant for various dilutions. However, in comparison the amplification efficiency of the 
target nucleic acid is increased at low concentrations). 

The cycle numbers (Cp values) for the target nucleic acid (Cp-Tar) and reference nucleic acid 
(Cp-Ref) at which the defined signal threshold values are exceeded are determined for the 
sample to be analysed in the following steps f) and g) of the described method. Function values 
log (Rconc(Tar)) and log (Rconc (Ref)) are assigned to the cycle numbers Cp-Tar and Cp-Ref 
determined for the sample on the basis of the previously determined calibration curves. 

In the case of a relative quantification it is additionally advantageous to eliminate the influence 
of different detection efficiencies for the target nucleic acid and reference nucleic acid. This can 
be achieved with the aid of a so-called calibrator sample. Hence the Cp values for the target 
nucleic acid and reference nucleic acid are also determined for a calibrator sample in the same 
manner as for the sample to be analysed and also assigned corresponding function values. 

However, in the following it is assumed that the detection efficiency remains constant during 
an experiment i.e. an experimentally determined relative concentration is proportional to the 
copy number of target and reference nucleic acid that are actually present in the respective 
sample. Thus the following firstly applies for any sample including the calibrator: 



AConc(Tar) = 
AConc(Ref) = 



K Tar x Rconc (Tar) 
K Ref x Rconc (Ref) 



(i) 

(2) 
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in which 

AConc(Tar) = the actual copy number of target nucleic acid present in a sample 

AConc(Ref) = the actual copy number of reference nucleic acid present in a sample 

K T ar = COnSt 

K Re f = const 

Rconc (Tar) = relative concentration of the target nucleic acid (without a unit) 

Rconc (Ref) = relative concentration of the reference nucleic acid (without a unit) 



The constants K Ta r and K Re f are quantities whose absolute values depend on the respective 
detection efficiency. In other words these constants take into consideration factors such as a 
different quantum yield of the fluorescent labels or different hybridization kinetics of the 
hybridization probes and are therefore usually not identical 

The following quotient is formed according to step h) of the method described above 

Rconc (Tar) 
Rconc (Ref) 

from (1) and (2) it follows: 

Rconc (Tar) K (Re f) x Aconc (Tar) ^ 

Rconc (Ref) K (T ar) x Aconc (Ref) 

This equation applies equally to the sample to be analysed as well as to the calibration sample 
since the same detection agent is used for both samples. 



Rconc (Tar) ca i K (Ref) Aconc (Tar) ca i , x 
= x (4) 

Rconc (Ref) ca i K (Tar) Aconc (Ref) ca i 

According to step i) of the method described above the ratio of the two determined quotients is 
subsequently determined: 
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Rconc (Tar) K (Ref) x Aconc (Tar) 

Rconc (Ref) = K (Tar) x Aconc (Ref) ^ 



Rconc (Tar) ca i K (Ref) x Aconc (Tar) ca i 



Rconc (Ref) ca i K (Tar) x Aconc (Ref) ca i 



Consequently the constants that are dependent on the respective detection efficiency can be 
eliminated: 

Rconc (Tar) Aconc (Tar) 

Rconc (Ref) Aconc (Ref) ^ 

Rconc (Tar) cai Aconc (Tar) ca i 

Rconc (Ref) ca i Aconc (Ref) ca i 

It follows that the ratios of the determined relative concentrations of target nucleic acid to 
reference nucleic acid standardized on the basis of the ratio of the relative concentrations of 
target nucleic acid to reference nucleic acid in the calibrator are identical to the ratios of the 
absolute copy numbers of target nucleic acid and reference nucleic acid in the individual 
samples to be analysed. 

Hence this method according to the invention is an exact method for the relative quantification 
of nucleic acids in which 

on the one hand, different efficiencies of PCR reactions are taken into account without 
having to directly determine the efficiency and 

on the other hand, the influence of the detection efficiency which depends on various 
uncontrollable factors is eliminated due to the use of a calibrator sample. 



The invention is further elucidated by the following examples: 
Example 1: 

Amplification of cyclophylin A fCvcA) and porphobilinogen deaminase (PBGD) cDNAs: 
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cDNAs were synthesized with the aid of a reverse transcriptase reaction from 3 commercially- 
available (Clontech) total RNAs isolated from a HeLa cell line, adrenal gland tissue and brain 
tissue under the following conditions: 

1 jig total RNA 

1 x AMV reaction buffer 

5mM MgCl 2 

1 mM deoxynucleotide mix 
0.0625 mM randomized hexamers 
50 units RNase 

10 units AMV reverse transcriptase 
ad 20 jil H 2 0 

All mixtures were incubated for 10 minutes at 25°C, 60 minutes at 42°C and 5 minutes at 95°C 
for the cDNA synthesis. Then they were cooled to 4°C. 

Afterwards the amplification reaction was carried out which was measured in real-time in the 
FRET HybProbe format on a LightCycler instrument (Roche Diagnostics GmbH). Each 
mixture was amplified under the following conditions: 

1 x LC-fast start DNA-master hybridization probes (Roche Diagnostics GmbH) 

3 m M MgCl 2 

0.5 mM of each primer 

0.2 |jM fluorescein probe 

0.2 fiM LC-RED640 probe 

ad 20 \xl H 2 0 

Primers having SEQ. ID. NO:l and SEQ. ID. NO: 2 were used to amplify the CycA sequence 
(Cyclophilin A). The CycA product was detected using a fluorescein-labelled probe having 
SEQ. ID. NO: 3 and a LC-RED640-labelled probe having SEQ. ID. NO: 4. Primers having SEQ. 
ID. NO:5 and SEQ. ID. NO: 6 were used to amplify the PBGD sequence (porphobilinogen). 
The PBGD product was detected using a fluorescein-labelled probe having SEQ. ID. NO: 7 and 
a LC-RED640-labelled probe having SEQ. ID. NO: 8. 



The preparation was amplified under the following PCR conditions in the LightCycler: 
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denaturation: 95°C 



lOmin 



amplification: 45 x 



95°C 



lOsec 



20.0°C/sec 



55' 



lOsec 



20.0°C/sec 



72°C 



15sec 



3.0°C/sec 



cooling: 



40°C 



30sec 



After each incubation at 55°C a fluorescence measurement was carried out according to the 
manufacturer's instructions. The signal threshold value (Cp value) was determined as the 
maximum of the 2 nd derivative of the amplification reaction as a function of the cycle number. 

Example 2: 

Determination of the efficiency of the amplification of CycA and PBGD 

The cDNA synthesized from HeLa total RNA was diluted in 1:5 steps (a total of 5 dilution 
steps) in order to determine the amplification efficiencies of CycA and PBGD. A 3-fold 
determination of the signal threshold value (Cp value) was carried out on the LightCycler for 
each dilution step. This was carried out for CycA as well as for PBGD. 

Two different functions were generated in order to determine the fit coefficients in which the 
cycle number Cp was determined for each concentration as a function of the decadic logarithm 
of the cDNA concentration used. 

a) Generation of a linear function: 

Assuming identical efficiencies for the various initial concentrations of a nucleic acid, the two 
respective amplification efficiencies for the target nucleic acid and reference nucleic acid were 
determined according to the equation 



-1 



E = G 



f(log(conc)) 
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In this case f (log(conc)) was determined as the slope of the regression line of the functions 
shown in Figures 2a and 2b. Thus an efficiency E=2.62 was determined for the target nucleic 
acid CycA and an efficiency E=L97 was determined for the reference nucleic acid PBGD. 

b) Generation of a non-linear function with the aid of a polynomial fit of the 4 th degree 
according to the invention 

The same measured values were used to generate target and reference nucleic acid functions of 
the logarithm of the determined relative concentrations versus the measured Cp values by 
calculating a polynomial fit of the 4 th degree. These functions are shown in Figures 3a (target 
nucleic acid) and 3b (reference nucleic acid). 

The determined fit parameters for the target nucleic acid (CycA) were: 

A(Offset) = 11.3974946 
B (linear) = -0.1 
C(quadrat) = - 0.0721349 
D = 0.0044516 
E=-8.214E-05 

The determined fit parameters for the reference nucleic acid were: 

A(Offset) = 9.98347024 
B(linear) = -0.29359011 
C = 0 
D = 0 
E = 0 

As can be seen from the figures and the determined fit parameters, this results in an almost 
linear function for the reference nucleic acid. Consequently amplification of the reference 
nucleic acid in the measured concentration range occurs with largely constant efficiency. 

In contrast a non-linear function was determined with the Cp values obtained for the target 
nucleic acid CycA. Hence the efficiency of the amplification reaction in the measured 
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concentration range for CycA is significantly dependent on the original copy number present 
in the sample. 

Example 3: 

Calibrator-standardized determination of the original ratio of target and reference nucleic acid 
with and without an implied correction of the amplification efficiency 

Under the conditions described in Example 1 the ratio determined of the original amount of 
CycA and PBGD should be independent of the respective amplified amount of the sample 
material used. Hence the determination of the ratio of various amounts of sample RNA were 
used to check the effect of an efficiency correction on the basis of the measured values that were 
obtained. 

The original ratios of target (CycA) and reference (PBGD) nucleic acid in adrenal gland RNA 
and brain RNA were determined using three dilution steps in each case of the cDNAs 
(duplicate determinations were carried out for each dilution step). The quotient of the ratio of 
the relative concentrations CycA and PBGD were determined from the measured data between 
the analysed sample and the calibrator sample. Total RNA from HeLa cells was used as the 
calibrator. This determination was carried out, on the one hand, with an assumed amplification 
efficiency of 2.00 for CycA and PBGD, on the other hand, with the aid of the linear and non- 
linear functions determined in Example 2. 
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Table 1 shows the calibrator-standardized ratios of target/reference nucleic acid 





without efficiency 
correction 


efficiency 
correction with a 

linoor Tit" fnnrti Atl 

linear 111 luncLiun 


implicit eliiciency 
correction with a 

IlUIl-llIlCal III 

funrtion 


adrenal gland 40ng 


1.03 


1.18 


1.41 


adrenal gland 8ng 


2.21 


1.79 


1.19 


adrenal gland 1.6ng 


6.00 


4.17 


1.9j 










mean 


3.08 


2.3o 


1 CI 


standard deviation 


2.5967 


1.5799 


U.3oUU 


coefficient of variation 


84.3% 


66.4% 


25.2% 










maximum error in %* 

(maximum value/minimum 
value —1 j x 1UU 


483% 




OZ70 


















: — 

bram 40ng 


I.Ol 


9 14. 


9 99 


brain 8ng 


0 Aft 


9 1 1 

Z. 1 1 


1 60 


brain 1.6ng 


6.68 


4.66 


2.54 










maximum error in % 


1 1 Cfl/ 

315% 


121% 


oZ% 










mean 


3.59 


2.97 


2.35 


standard deviation 


2.7111 


1.4637 


0.6795 


coefficient of variation 


75.5% 


49.3% 


28.9% 










maximum error in %* 
(maximum value/minimum 
value-l)xlOO 


75,5% 


49,3% 


28,9% 



As shown in Table 1 the values determined for the two sample RNAs (adrenal gland and brain 
tissues) after an inventive non-linear efficiency correction have a ca. three-fold lower 
coefficient of variation compared to the same values without an efficiency correction and a ca. 
two-fold lower coefficient of variation than the same values with a linear efficiency correction. 
Also the percentage maximum error of the calibrator-standardized target/reference ratios as a 
function of the initial concentration is also significantly reduced by the inventive non-linear 
efficiency correction for the two target RNAs compared to the linear efficiency correction or 
compared to the method without an efficiency correction. These results show that the inventive 
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method is particularly advantageous in methods in which a standardization is carried out with 
the aid of calibrators. 

The present invention is not to be limited in scope by the exemplified embodiments which are 
intended as illustrations of single aspects of the invention. Various modifications of the 
invention in addition to those described herein will become apparent to those skilled in the art 
from the foregoing description and accompanying drawings. Such modifications are intended 
to fall within the scope of the appended claims. All publications cited herein are incorporated 
by reference in their entirety. 
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What Is Claimed Is 

1. A method for determining the efficiency of the amplification of a target nucleic acid 
comprising the steps of: 

a) a dilution series of the target nucleic acid is prepared; 

b) the target nucleic acid is amplified under defined reaction conditions and the 
amplification is measured in real-time; 

c) a defined signal threshold value is set; 

d) for each dilution the cycle number is determined at which the signal threshold value 
is exceeded; and 

e) the amplification efficiency is determined as a function of the original amount of 
target nucleic acid. 

The method of claim 1, wherein the efficiency of the amplification is determined by: 

a) preparing a dilution series of the target nucleic acid; 

b) amplifying the target nucleic acid under defined reaction and the amplification of 
the nucleic acid being measured in real-time; 

c) setting a defined threshold value; 

d) determining the cycle number for each dilution at which the signal threshold 
value is exceeded; 

e) determining a non-linear continuously differentiable function of a logarithm of the 
copy number of target nucleic acid used for the amplification as a function of the 
cycle number at which the signal threshold value is exceeded; and 

f) calculating the amplification efficiency E from the function determined in step e). 

3. The method of claim 1, wherein the efficiency of the amplification is determined by: 

a) preparing a dilution series of the target nucleic acid; 

b) amplifying the target nucleic acid under defined reaction, the amplification of the 
nucleic acid being measured in real-time; 

c) setting a defined threshold value; 

d) determining the cycle number for each dilution at which the signal threshold 
value is exceeded; 

e) determining a non-linear continuously differentiable function of the cycle number 
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determined in step d) as a function of; and 
f) calculating the amplification efficiency E from the function determined in step e). 

The method of claim 2, wherein the amplification efficiency E of a certain original 
amount of target nucleic acid is determined as the negative local 1 st derivative of the 
continuously differentiable function from step e). 

The method of claim 3, wherein the amplification efficiency E of a certain original 
amount of target nucleic acid is determined as the reciprocal local 1 st derivative of the 
continuously differentiable function from step e). 

The method of claim 2, wherein the non-linear continuously differentiable function from 
step e) is determined with the aid of a polynomial fit preferably of the 3 rd > 4 th , 5 th , 6 th or 
7 th degree. 

A method for the absolute quantification of a target nucleic acid in a sample comprising 
the steps of: 

a) determination of the amplification efficiencies of the target nucleic acid and of an 
internal or external standard under defined amplification conditions as claimed in 
claim 1; 

b) amplification of the target nucleic acid contained in the sample and of the internal 
or external standard under the same defined reaction conditions; 

c) measurement of the amplification of the target nucleic acid and standard in real 
time; and 

d) calculation of the original copy number in the sample by correction of the copy 
number derived from step c) with the aid of the amplification efficiencies 
determined in step a). 

A method for the quantification of a target nucleic acid in a sample relative to a reference 
nucleic acid comprising the steps of: 

a) determination of the amplification efficiencies of the target nucleic acid and of the 
reference nucleic acid under defined amplification conditions as claimed in claim 
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b) amplification of the target nucleic acid contained in the sample as well as of the 
reference nucleic acid contained in the sample under the same defined amplification 
conditions; 

c) measurement of the amplification of the target nucleic acid and of the reference 
nucleic acid in real-time; and 

d) calculation of the original ratio of target nucleic acid and reference nucleic acid in 
the sample by correction of the ratio derived from step c) with the aid of the 
amplification efficiencies determined in step a). 

A method for the relative quantification of a target nucleic acid relative to a reference 
nucleic acid and standardized with a calibrator sample comprising the steps of: 

a) preparation of a common or two separate dilution series of target nucleic acid and 
reference nucleic acid; 

b) amplification of the various dilutions of target nucleic acid and reference nucleic 
acid under defined reaction conditions, the amplification of the nucleic acid being 
measured in real-time; 

c) setting defined signal threshold values for the target nucleic acid and reference 
nucleic acid; 

d) determining the cycle number Cp to which the signal threshold values defined for 
the target nucleic acid and reference nucleic acid are exceeded in each dilution; 

e) determining a continuously differentiable function of the Cp values determined in 
d) as a function of the logarithm of the amounts used of target nucleic acid and 
determining a continuously differentiable function of the determined Cp values as a 
function of the logarithm of the amounts used of reference nucleic acid; 

f) determination of the Cp values of the target nucleic acid and reference nucleic acid 
in the sample to be analysed as well as in a calibrator sample; 

g) assignment of the Cp values measured in step f) to particular function values of the 
functions determined in step e); 

h) calculating the quotients of the function values from g) of the target nucleic acid 
and reference nucleic acid for the sample to be analysed as well as for the calibrator 
sample; and 

i) determination of the ratio of the two quotients from h) as a measure for the original 
amount of target nucleic acid contained in the sample. 
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A method for the relative quantification of a target nucleic acid relative to a reference 
nucleic acid and standardized with a calibrator sample comprising the steps of: 

a) preparing a common or two separate dilution series of target nucleic acid and 
reference nucleic acid; 

b) amplification of the various dilutions of target nucleic acid and reference nucleic 
acid under defined reaction conditions, the amplification of the nucleic acid being 
measured in real-time; 

c) setting defined signal threshold values for the target nucleic acid and reference 
nucleic acid; 

d) determining the cycle numbers Cp at which signal threshold values defined for the 
target nucleic acid and reference nucleic acid are exceeded in each dilution; 

e) determining a continuously differentiable function of the logarithm of the amounts 
used of target nucleic acid as a function of the Cp values determined in d) and 
determining a continuously differentiable function of the logarithm of the 
amounts used of reference nucleic acid as a function of the determined Cp values; 

f) determining the Cp values of the target nucleic acid and reference nucleic acid 
in the sample to be analysed as well as in a calibrator sample; 

g) assignment of the Cp values measured in step f) to particular function values of the 
functions determined in step e); 

h) calculating the quotients of the function values from g) of the target nucleic acid 
and reference nucleic acid for the sample to be analysed as well as for the calibrator 
sample; and 

i) determination of the ratio of the two quotients from h) as a measure for the original 
amount of target nucleic acid contained in the sample. 

The method of claim 10, wherein the continuously differentiable functions from step e) 
are determined with the aid of a polynomial fit preferably of the 3 rd , 4 th , 5 th , 6 th or 7 th 
degree. 

The method of claim 10, wherein the amplified nucleic acids are detected with the aid of 
at least one fluorescent-labelled hybridization probe. 
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13. The method of claim 12, wherein the amplified nucleic acids are detected with the aid of 
FRET hybridization probes, molecular beacons or TaqMan probes. 

14. The method of claim 10, wherein the amplified nucleic acids are detected with the aid of a 
DNA-binding dye, preferably with SybrGreen I. 
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Abstract 

The present invention concerns a method for determining the efficiency of the amplification of 
a target nucleic acid comprising the following steps: (i) preparation of a dilution series of the 
target nucleic acid, (ii) amplifying the target nucleic acid under defined reaction conditions, the 
amplification being measured in real-time (iii) setting a defined signal threshold value, (iv) 
determining the cycle number at which the signal threshold value is exceeded for various 
dilutions, (v) determining the amplification efficiency as a function of the amount of original 
target nucleic acid. The present invention also concerns a method for the quantification of a 
target nucleic acid in a sample in which the efficiency of the amplification reaction is 
determined in this manner and is taken into account in the quantification. 



